Summary To study heterogeneity in a cell line derived from a human bladder carcinoma (EJ), 7 clones were isolated at low passage and examined for differences in culture behaviour, ability to grow in agar and tumorigenicity in nude mice. The parent EJ line had several distinct chromosome populations (both diploid and tetraploid), grew in agar and produced tumours in nude mice. Three of the clones had pseudodiploid modes and 4 had either hypo-or hypertetraploid modes. The 7 clones had 5 marker chromosomes in common but the combination of other marker chromosomes made each clone unique. No Differences were also found in the packing density of the cloned cells and in the cell size. All 7 clones grew in agar but heterogeneity was seen between the clones as shown by widely varying colony-forming efficiencies (0.5-13%). One clone had a high colony-forming ability in agar but failed to produce tumours in nude mice. The other clones were tumorigenic regardless of colony-forming efficiency in agar. Specific chromosome abnormalities were found to be associated with growth in agar and tumorigenicity but not with the growth pattern or the rate of movement of the cloned cells in culture.
The development of heterogeneity within a tumour, and the selection of progressively more malignant phenotypes may enable a tumour to become more aggressive and autonomous (Nowell, 1976; Klein and Klein, 1977) . The tumour cells show multiple phenotypic changes becoming more anaplastic, increasingly independent of growth controls and more metastatic (Poste and Fidler, 1980) . Many aspects of heterogeneity have been found in human and animal tumours including DNA content, chromosome number, antigenicity, drug resistance, growth rate, capacity to produce intra-and extracellular proteins and cell surface receptors for lectins (Fidler et al., 1978; Hart & Fidler, 1981; Raz et al., 1980; Shapiro et al., 1981) . Cellular heterogeneity has also been studied in vitro in cell lines derived from tumours, but only a few studies have reported a cellular heterogeneity similar to that seen in tumours in vivo (Brattain et al., 1981; Chen, 1978; Dexter et al., 1978) .
In a previous study we examined 4 human bladder cell lines derived from urothelial carcinomas and proposed (i) an association between the ability to grow in agar and the presence of marker chromosomes M1 (deleted chromosome 8), M2 (deleted chromosome 9) and M3 (18; 15 translocation) and (ii) an association between tumorigenicity in nude mice and a structurallyaltered chromosome 8 (Hastings and Franks, 1981) .
One of these urothelial cell lines (EJ) also had several distinct chromosomes subpopulations (Hastings and Franks, 1981) . As few studies have demonstrated heterogeneity in both the karyotype and phenotype of a human cell line (Chen, 1978; Kimball and Brattain, 1980; Woodman et al., 1980) , we have attempted to determine whether the cell line heterogeneity is associated with the chromosome constitution. We have cloned subpopulations within the EJ cell line for the cellular phenotype, ability to grow in agar and tumorigenicity in immunodeficient mice, to see if these features reflect the heterogeneity seen in the karyotype (Hastings and Franks, 1981) .
Materials and methods Origin of EJ cell line and clones
The parental EJ cell line was derived from an anaplastic (Grade III) urothelial carcinoma and obtained from Dr. J. Daly (Massachusetts General Hospital, Boston, Massachusetts, USA). This cell line had a heterogeneous chromosome constitution with both diploid and tetraploid subpopulations which became predominantly tetraploid (80% of the cells) after prolonged culture (Hastings and Franks, 1981) . The EJ line has been designated MGH-U1 by Kato et al (1977) , although karyotypic analysis of MGH-U1 showed only the tetraploid population (Kato et al., 1978 Pasteur pipette and growing each separately in Microwell plates (Flow Laboratories, Irvine, Scotland) . Each clone has been maintained in longterm culture, although the results presented in this study were obtained using cells earlier than the 20th passage.
Cell culture All cells were maintained in Dulbecco's modified Eagle's medium (E4) supplemented with 10% calf serum. Cells were passaged with 0.06% trypsin in .versene, at 1:10 or 1:20 split ratios when they reached confluence.
Morphological observations were made of the cultures using phase contrast light microscopy (L.M.) and electron microscopy (E.M.). Cells were prepared for E.M. according to the method described by Rigby and Franks (1970) . Cell volume was estimated using a Coulter counter (Model ZBl) fitted with a cell volume distribution analyser (Model P64).
Chromosome preparation and analysis Semi-confluent cultures were treated with Vinblastine (0.0l jy-'ml) for 20-30min at 37°C., harvested, swollen in 0.07M KC1 for 8-20min, before fixing and washing in Carnoy's fixative (3:1, methanol:acetic acid). Slide preparations were "aged" for a week before banding. To establish the chromosome number, preparations were stained with 4% Giemsa's stain in distilled water for 8-10min. Fifty metaphase spreads were scored. A modified G-banding technique was used for chromosome analysis. Slides were places in a solution of 0.1% trypsin in Hank's solution (pH 6.8) for between 12 sec and 2 min, and then in Hank's solution (pH 5) for 1 min before staining with 4% Giemsa's stain for 8-10 min. The slide preparations were then washed in distilled water, air-dried and mounted in DePex. Twenty G-banded cells were analysed to ascertain the karyotype.
In vitro growth rate and cell movement The number of cells on a series of duplicate dishes plated with 105 cells was counted daily using a Coulter counter over a period of 6-8 days to measure cell proliferation. The regression coefficients for each clone were compared using Analysis of Variance.
Cell movement was analysed using an Olympus time lapse control (Model PM-ACM). The cells were photographed every 3 min. using a low magnification (x 4) lens (Riddle, 1979 (Marshall et al., 1977) . As some variability between colony forming ability was seen between consecutive experiments with the same clone, each assay was repeated > 10 times.
Nude mouse inoculation
The nude mice (nu-nu) were offspring of heterozygous (nu +) females mated with homozygous nude (nu-nu) males. They were kept under SPF conditions throughout the experiments.
Male nude mice were injected s.c. with 6 x 106 cells and where tumours were not evident after 3 months a second series of mice was inoculated. When tumours were >0.5 cm in diameter the mice were killed and tumour samples were fixed for histology and electron microscopy. Paraffin sections were used for L.M., glutaraldehyde-osmic acid-fixed tissues were embedded in Araldite for E.M. (Marshall et al., 1977) .
Isozymes
The following isozymes were analysed by Dr. S.
Povey (Galton Labs., London, UK): PGMI, PGM3: first and third loci of phosphoglucomutase; GOTm: mitochondrial glutamate-oxaloacetate transaminase;
G6PD: glucose-6-phosphate dehydrogenase; ESD: esterase D; ADA: adenosine deaminase; ACP: acid phosphatase, "red cell type"; LDH A, LDH B; lactate dehydrogenase, locus A & B. Analysis of the 7 clones showed that the polymorphic isozymes present were the same in phenotype as the EJ parent line (Povey et al., 1976 -4, -4, -8, -8, -9, -9, -10, -13, -13, -14, -15, -15, -15, -18, -18, -19 , +20, +M1, +Ml, +M2, +M2, +M3, +M3, +M7, +M8, +M8, +M13, +M16. -4, -8, -8, -9, -9, -10, -10, -12, -13, -13, -14, -15, -15, -15, -18, -18, -19 , +20, +20, +M1, +Ml, +M2, +M2, +M3, +M3, +MS, +M6, +M7, +M8, +M8, +M10, +M13, +M16-9F 94,XXYY, -1, -4, -4, +5, +5, -6, -8, -9, -9, -14, -15, -15, -18, -18, +M1, +Ml, +M2, +M2, +M3, +M3, +M3, +M8, +M8, +M12, +M13, +M13, +M18. tetraploid clones 2B, 3D and 3E. In the hypertetraploid clones, 3D and 9F, six copies of chromosome 5 were present and additional chromosome material (M1l) was found in -50% of the cells ( Figure 5 ). Clone 9F also had 3 copies of (Figure 8 and 9 ). Another clone, 8D, was composed entirely of mobile cells which had an average speed of llO1-h (Figure 9 ). This clone did not grow in colonies and the movement subsided only when the cell density reached confluence. The remaining clones showed both types of cell movement, although the mobility was slower than that seen in the 8D clone and < 35% of the cells were static (Figure 9 ).
Growth in agar
The EJ parental cell grew in agar with colonyforming efficiency of 5%. The seven EJ clones also grew in agar but with varying efficiency (from 0.5% to higher than 8%) emphasizing the heterogeneous nature of the parental cell line (Table II) . (Hastings & Franks, 1981) . Only 6/7 clones produced tumours in nude mice (Table II) , which were usually evident from 2-4 weeks. The tumours produced by the 6 clones were similar in structure (LM and EM) and resembled solid urothelial carcinomas (Marshall et al., 1977) . One of the tumorigenic clones, 5E, failed to produce tumours consistently when initially tested (takes in 6/12 mice). The ability of the SE clone to produce tumours was examined further by using different inocula (5 x106, 6x 106, 7x 106, 8x 106, 1.2 x 107, 1.4 x 107 cells/injection) and monitoring the mice for up to 6 mo after inoculation. In this experiment each series of inoculations produced tumours, and a total of 14/18 mice produced tumours, some of which were only evident after 3 months. Another clone, 3E, appeared to be non-tumorigenic, as the nude mice showed no evidence of tumour growth within a few weeks of injection nor at any stage before post-mortem at 15 months (Table II) . In a subsequent study at MRC Clinical and Population Cytogenetics Unit, Edinburgh, the 3E clone was injected into thymectomised, cytosine arabinosideprotected, X-irradiated mice (Ara-C mice). In some of the mice tumour nodules did develop but the majority regressed within 6 weeks of the inoculation. However, 2 tumours which did not regress within 3 months were transplantable in Ara-C mice.
Discussion
This study has demonstrated karyotypic and phenotypic heterogeneity within the EJ cell line, derived from an anaplastic urothelial carcinoma. Several studies have described heterogeneity in human carcinoma cell lines (Brattain et al., 1981; Kimball & Brattain,, 1980; Rutzky et al., 1980; Woodman et al., 1980) , a human melanoma cell line (Chen, 1978) and mouse carcinoma cell lines (Danielson et al., 1980; Hager et al., 1981) . In some of these the chromosome constitution was also examined and sublines with different chromosome abnormalities found (Chen, 1978; Hagar et al., 1981; Kimball & Brattain, 1980; Woodman et al., 1980) . Heterogeneity in the chromosome number was also found among 4 cell lines which had been established from the same human carcinoma (Dexter et al., 1978) . In the EJ cell line at least 7 distinct chromosome subpopulations were present. All 7 clones had marker chromosomes and the combination of these and duplication of other chromosomes made each clone unique. Some of the chromosome abnormalities seen in the clone have been found in neoplasms and haematological disorders; for example, marker chromosome M7 has been described in meningiomas and chromosome 8 abnormalities have been linked with haematological disorders (Mitelman & Levan, 1978; Riccardi & Forgason, 1979 ). While we have assumed that these clones are representative of the original bladder tumour, we are aware that the properties seen in these clones may be a consequence of in vitro culture. However, the presence of both diploid and tetraploid populations in the EJ cell line at early passage (18) and the virtual absence of diploid cells at later passages (72 and 100) would suggest that homogeneity, rather than heterogeneity, is being selected for in culture.
It is unlikely that the diploid cells were stromal cells as these would not be expected to produce tumours in nude mice, have abnormal karyotypes, or grow in continuous culture (Hayflick & Moorhead, 1961) . Analysis of cell movement in the clones during in vitro growth revealed 2 different patterns of cell movement. One clone, 8D was very mobile while clones fi, 3E and 9F showed very little cell movement. The other clones showed a behaviour intermediate between the 2 extremes. The lack of mobility in clones, ,B, 3E and 9F was also emphasized by the growth pattern as they grew in small colonies which expanded until they made contact with other colonies. This contrasts with the mobile clones, which failed to form colonies on the plastic substratum.
Analysis of the 7 clones for transformation markers demonstrated that all had the ability to grow agar. However, the colony-forming efficiency was noticeably lower in some clones (# and 3D) and higher in others (5E and 2B), when compared to the parental cell line. Similar findings have been found in other studies using tumour-derived cell lines (Danielson et al., 1980; Dexter et al., 1978; Kimball and Brattain, 1980; Rutzky et al., 1980) . A previous study (Hastings and Franks, 1981) proposed that growth in agar was associated with a combination of 3 marker chromosomes, M1 (deleted chromosome 8), M2 (deleted chromosome 9), and M3 (18; 15 translocation) and the 7 clones investigated in this study each had these marker chromosomes. The variation seen between the clones in the colony-forming efficiency could not be explained by the number of copies of markers, M1, M2 or M3 present. However, it is likely that other factors, in addition to the presence of the markers, may influence the ability of the clones to grow in agar.
As all 7 clones grew in agar it was expected that all the clones would be tumorigenic in nude mice.
However one clone, 3E had a high colony formingability in agar but failed to produce tumours in nude mice during a 15-month period. It is known that in this tumorigenicity a negative result requires careful interpretation. It may be that the 3E clone represents a non-tumorigenic subpopulation within the EJ line, or alternatively the 3E clone induced a host immune response. Although the nude mice lack functional T cells, they do have natural killer (NK) and natural-cytotoxic (NC) cells, which are capable of immumnological surveillance (Herberman, 1980; Riccardi et al., 1980; Warner et al., 1977) . As the 3E clone was found to produce tumour nodules in immunodeficient hosts, some of which then regressed, the possibility that the 3E clone elicits a natural immune response from the host is currently being investigated. As all 7 clones had the ability to produce tumours in an immunodeficient host (nude mice or thymectomised, X-irradiated mice) and possessed a deleted chromosome 8, these findings are consistent with the recently proposed hypothesis that in bladder carcinoma cell lines chromosome 8 is associated with the ability to produce tumours in nude mice (Hastings and Franks, 1981) .
Heterogeneity between the 7 clones was seen in all the parameters examined, with the exception of the growth rate which was not significantly different. Although the heterogeneity seen in the phenotype of the clones could not be assigned to a specific change in the chromosome structure, as determined by banding techniques, certain marker chromosomes did appear to be associated with the expression of the transformed phenotype. Marker chromosomes, M1, M2, and M3 were found to be associated with the ability to grow in agar in the EJ bladder carcinoma cell line and clones, although the efficiency of colony formation is probably determined by other factors. An abnormal chromosome 8 was found to be associated with tumorgenicity in the EJ cell line and clones and in the only "nontumorigenic" clone, 3E, the apparent suppression of the malignant phenotype (failure to form tumours in nude mice) may have resulted from an immune response by the host. However, none of the clones lacked the ability to grow in agar or to produce tumours in immunosuppressed mice so that a correlation with the chromosome markers could not be confirmed. Although a gross chromosomal abnormality was not associated with all the parameters that showed heterogeneity, this does not conflict with the hypothesis that there is a genetic basis for heterogeneity in tumours (Nowell, 1976) as the changes responsible are very likely to be at the molecular level and therefore not detectable by the chromosome banding techniques used in this study. Recent evidence for a molecular change in the DNA being responsible for the onset of neoplasia has been proposed using transfection techniques (Krontiris and Cooper, 1981; Parada et al., 1982; Perucho et al., 1981) . Molecular DNA clones-oncogenes-which have been isolated from human bladder and other tumour lines have been shown to transform mouse fibroblast lines (Shih et al., 1981) . The mouse cell lines used in these transfection studies are probably partially transformed, as one mouse fibroblast has been found to produce a low incidence of tumours in newborn mice (Shih et al., 1981) . In view of this finding it may be that the oncogene influences the final stage of the transformation process i.e. enhances tumour production. The oncogene isolated from the EJ bladder line is indistinguishable from its normal allelic counterpart sequence and the activation of such oncogenes in tumour cells may depend on minor structural changes such as point mutations (Parada et al., 1982) . Hopefully, molecular hybridisation techniques will enable chromosome mapping of this and other oncogenes and assist our understanding of the structural chromosome anomalies found in the EJ and other tumour cell lines. Examination of the EJ clones for copies of the oncogene and expression of its products would also be of interest since further characterisation of tumour oncogenes will elucidate the role they play in human neoplasia.
